. Table 2 . Table 3 . Table 4 . The effects of aqueous corrosion of metallic uranium is an important parameter in understanding the degradation of spent nuclear fuel (SNF) during interim and extended storage.
Apart from the effects on radionuclide release, aqueous corrosion can produce hydrogen (Hz), a flammable gas, and uranium hydride (UH~), a pyrophoric solid.
.
The results of the experiment described in this paper were used to define some of the parameters that can affect both the production of hydrogen and uranium hydride when uranium based metallic fuel comes in contact with water. These experiments involved submerging unirradiated, unalloyed uranium in water prototypic of the Yucca Mountain repository (simulated J-1 3 well water) and accelerating the corrosion process by raising the temperature to 90°C.
The increase of pressure within sealed vessels containing the U samples immersed in the SJ-13 water was measured over time. This information was used to determine a uranium corrosion rate using the experimental conditions described below. Gas composition was'-determined by Gas Mass Spectrometry (GMS) or Gas Chromatography (GC). The corrosion products were analyzed using X-Ray Diffraction (XRD) to identi~the solid species which had formed during the corrosion process. The final products were also weighed for mass balance calculations.
II. THEORETICAL BACKGROUND
There are two major modes of uranium aqueous corrosion. It has been shown that for oxygenated water vapor, uranium is oxidized by 02-formed from Oz gas. This process is referred to as 'oxic' and is represented by the general reaction
The second mode is referred to as 'anoxic', by which the uranium is oxidized via hydroxyl ions formed during the hydrolysis of water at the uranium oxide surface.
[1 ] The following reactions express the overall anoxic process,
4U + 4HZ0 --+2UOZ + Hz + 2UHj (3)
Both the oxic and anoxic reactions most likely occur simultaneously. However, the kinetics of the anoxic reaction are much faster than the oxic one.
[3] The principal difference between oxic and anoxic uranium corrosion is the formation of uranium hydride (UH~) and hydrogen (Hz) in the latter.
Recent uranium corrosion studies of three irradiated EBR-11 blanket fuel segments submerged in simulated J-13 well water showed that, after an initial slower leaching period, the rapid release of '37CSand 90Sr can occur.
[2] In addition, a vessel containing one of the segments became pressurized, indicating H2 production during the periods when the vessel was-isolated from laboratory air. When these tests were terminated, corrosion products from two out of the three samples contained UH~. The tests described below were performed with unirradiated samples to eliminate any possible effects of irradiation, and were designed specifically to quantifi hydrogen evolution throughout the corrosion process.
III. EXPERIMENTAL
Three unirradiated EBR-11 blanket fuel segments were sliced from a larger piece into approximately equal lengths. They each measured 1.11 cm in diameter with an average length of about 0.66 cm. Each segment was placed in a 45 mL Parr pressure vessel equipped with a gas sampling port. Into each vessel was poured enough SJ-13 well water to equal a sample surface area to leachant volume (WV) ratio of 12 m-*. The initial pH of the SJ-13 well water was 8.65 at room temperature. The SJ-13 water consisted of the compounds listed in Table 1 . The sealed Parr pressure vessels were placed in a 90°C oven and allowed to accumulate internal pressure from Hz buildup. Periodically, the vessels were sampled for gas using the apparatus shown in Figure 1 . This is a photograph of the gas manifold onto which is attached a Parr pressure vessel, a 25 mL gas collection cylinder, two pressure transducers connected to a digital readout display, and an outlet for evacuating the apparatus of residual gases between sampling intervals. The pressure range for the transducers were 0-50 psig and 0-500 psig, respectively.
Initially, at each sampling interval, the vessels were opened and 4 mL aliquots of the SJ-13 water were taken for dissolved 0~and the pH measurements. The missing leachate was then J Figure 1 . Gas Sampling Apparatus replaced with fresh Ieachant and the vessels were recapped and again placed in the 90 "C oven.
The 02 and pH measurements were discontinued after the first few sampling intervals for reasons discussed in Section V.
The Hz that had formed was measured by either using GMS or GC. Both of these methods are highly sensitive, however GC was ultimately chosen because of the relative facility of operation as compared to GMS. The mole percent of each gas product was taken into account when calculating the partial pressure of H~(PH) in the gas mixture. Upon determining the partial pressure of Hz, the number of moles of Hz (n~) could then be calculated using the ideal gas equation defined as
PHV= nHRT (5)
From this data, the grams of uranium metal consumed by the corrosion process were 'indirectly' calculated, assuming that the reaction followed equation (2), without UH~formation.
IV. RESULTS AND DISCUSSION
A. Dissolved 0, and~H Measurements of the SJ-13 Water Dissolved 02 and pH measurements were taken of the SJ-13 water for the first several sampling periods. In order to have a baseline to compare with these results, the Oz concentration and the pH were also measured on a blank sample of the SJ-13 water. The initial pH was 8.65
and the Oz level was 90.5°/0 of air saturation (-2.3 x 10-5mol Oz/mol HZO) at the current local temperature and pressure.
Qz Measurements. Periodic oxygen levels are tabulated in Table 2 where it is shown that the 02 levels had dropped appreciably by the first sampling period on day nine. However, percent saturation varied little (34 to 55°/0) over the next21 days, suggesting that oxygen depletion was somehow incomplete. According to the reaction shown in equation (1) I from these observations was that, although precautions were taken to avoid exposing the leachates to air during sampling intervals, they nonetheless rapidly absorbed atmospheric 02, resulting in erroneously high levels. To test this hypothesis, the Oz uptake of deaerated water in laboratory air was monitored. The rate of Oa uptake was fairly rapid at 1.5 x 10-s mg Oz/g H20/min or a 3.3% Oz saturation increase per minute (at 635.8 Torr and 12 "C). This result showed that although Oz depletion of the leachant had occurred during the time interval between sampling periods, quantitative data could not be collected unless the environment was completely isolated from oxygen. Due to this experimental obstacle, Oz measurements were abandoned beyond day 21.
pH Measurements. The results from the pH measurements are shown in Table 3 . The pH rose significantly at the onset of the experiment and remained fairly constant afterwards. This phenomenon was addressed by assessing the reason for the increase in pH, i.e. basicity. The dynamics behind the change in pH could only be attributed to chemical events occurring within the vessels. These events definitely include the reactions expressed in equations 1-4 and could possibly include other 'side' reactions involving the ionic species in theSJ-13 water itself, namely 
where the pKaz is the log of the acid dissociation constant Kaz for H2CO~. So the buffering capability of this system is maximum when [CO~2-]= [HC03-] and the above equation becomes pH = pKa2. Incidentally, the pKa2 for CO~2-is 10.33 which is very close to the pH readings taken of the leachates.
In order for the buffering to occur, a strong base had to be added until the above conditions were met. One possible explanation for this phenomenon could involve a fairly well studied mechanism which occurs during uranium metal aqueous corrosion. During the process of forming U02, hydroxyl (OH-) ions are also produced via the hydrolysis of water. HCO~-+ OH-+ C032-+ HZO
Hence, the OH-ions produced provided the impetus to drive reaction (7) above to the right, thereby increasing the C032-concentration.
B.
Oxwen Derietion of the Gas Mixture in the Vessel HeadsPaces
The pressure changes in the vessels were measured over time and the gas product was analyzed for the first three sampling intervals by GMS. All gas samples were ultimately analyzed by GC. During the first two sampling intervals (day 9 and 14), the three vessels were opened in order to obtain aliquots of the SJ-13 water (for both the pH and the dissolved 02 measurements). On day 21, the third vessel alone was opened for sampling. And, again on day 23, all three vessels were again opened to obtain leachate samples. The first several gas sampling intervals revealed that the gas product consisted of several constituents of which hydrogen was the major component. Nitrogen, oxygen, and trace argon which are gases normally found in air, were also detected. This was not surprising considering the leachates came in contact with air each time aliquots were taken for pH and dissolved Oz measurements.
However, after leachate sampling was terminated, these other gases were eventually diluted down to non-detectable limits. From then on, hydrogen was the only accountable gas present in the gas product. Table 4 shows the average 02, N2, and Ar mole percent values and the 02/Nz and Ar/Nz ratios obtained fi-om the first three gas sampling intervals. The Oz/Nz ratios found in the gas samples were significantly lower than normally found in air which is approximately 0.256. The
Ar/Nz found in the gas samples were close to the normal air ratio of 0.012. What appears to have occurred was that the Oz had been 'removed' from the headspace above the Ieachates. This data is evidence that 02, which was reintroduced into the vessels when opened for leachate sampling, was being absorbed by the leachate and, in turn, reacting with the uranium metal. "
As above mentioned, gas samples were drawn throughout the experiment in order to measure the mole percent of hydrogen. Over time, the other gases were diluted out resulting in a gas product that approached 100 'A hydrogen. Hydrogen Generation Figure 2 shows the quantity of hydrogen produced throughout the course of the experiment. Notice that the Hz product from Samples 2 and 3 correlated quite closely, whereas Sample 1 was slightly higher. After day 9, Hz production in Sample 1 was 50 YO greater than in either Sample 2 or 3. However, by day 81, the accumulated amount of Hz produced by Sample 1 exceeded Sample 2 by 14 0/0and Sample 3 by 19 'lo. The discrepancy between the average rate of H2 production between Samples 2 and 3 and Sample 1 was diminishing with time.
Gradually, the cumulative Hz production for all 3 samples was approaching the same value such that, by day 119 the difference between Sample 1 and 2 was only 4 O/O. This comparison could not be made with Sample 3 on day 119 because its final gas sampling interval was on day 81. However, since the rate of Sample 3 was essentially identical to that of Sample 2 it is assumed that the behavior of Sample 3 would have continued to behave like Sample 2.
Sample 3 was removed from the test at day 81 for characterization of a partially reacted sample.
Meanwhile, tests on Samples 1 and 2 were left to react until appreciable pressure increases could 
D. Corrosion Rate of the DU Blanket Material
The mass of uranium metal that had reacted in each sample was derived from the H2 gas pressure measurements. These calculations assumed all of the hydrogen produced was in the gas form (Hz) rather than as the hydride (UHJ) as represented by equation (2) and neglected the small pressure contribution from other gasses. The results are listed in Table 5 . After 81 days, it can be seen that, on average, three-quarters of the total uranium in these samples had corroded. To reiterate, these values are based upon the assumption that the only compound present in the reaction product was stoichiometric U02 only. They do not include the quantity of uranium metal that may have reacted to form UH~. If any hydrogen was present in the form of UH~, then the total metal corroded would be higher than the calculated uranium values listed in Table 5 .
However, it is impossible to quantifi UHq from the H2 data alone. As it turned out, there was no hydride in the corrosion product, however, this will be discussed in more detail in Section E. Figure 3 represents the uranium corrosion mass curves for the three samples. The straight line shown was derived from the least-squares fit of the averaged uranium corrosion curves of the three samples. The slope of this line can be interpreted as the average rate at which the uranium had corroded. The rate was 34 mg/cm2/day. Only the averaged data from day 9 through day 69 were included in the derivation of the regression curve because the H2 production rate remained fairly constant during this time frame.
Beyond day 69, the rate began to decline as shown by the graphed data. This decline is attributed to the decreasing sample size (surface area) which was assumed constant.
The corrosion rate of uranium metal obtained from this work corresponds very closely to a compilation of uranium corrosion rates reported for immersion studies in anoxic water. 
where k is the U corrosion rate constant in mg U/cm2/hr, and T is the temperature in Kelvin. For 90 'C, equation (8) predicts a corrosion rate of 1.4 mg/cm2/hr, which is in good agreement with the experimental reaction rate (1.42 mg/cm2/hr) derived from the H2 data in this study.
E. Analvsis of Sample 3 Corrosion Product
Day 81 was the final gas sampling interval for the vessel containing sample number 3. Figure 3 shows that the uranium corrosion rates were essentially identical for both samples 2 and 3. Based upon this observation, the corrosion rate experiment was terminated early for Sample 3.
In a previous corrosion study of irradiated EBR-11 blanket fuel, three samples contained UOZ, but only two contained UH~.
[2] Interestingly, the sample whose corrosion sludge showed only U02, was that which had completely corroded. As for the other two, there remained some unoxidized uranium metal. Since UH~is an intermediary product in the anoxic process, observing a correlation between the existence of UH5 in the presence of uranium metal and its absence when uranium metal is no longer present was a point of interest for the current experiment.
After the contents of the Sample 3 vessel had been filtered through a glass fiber filter, its visual appearance in the wet condition was that of a dark, brown, clay-like substance. However, after drying in ambient air for several days, the product was predominately a fine, black powder.
A portion of this material can be seen in Figure 4 . While most of the sample consisted of the black powder, there were pieces of agglomerated chunks which could be easily broken up. A very small piece of the original metallic sample remained. This is consistent with the data in Table 5 since the calculations indicated that less than 13% of the original sample remained.
However, the remaining sample retained its original cylindrical geometry and was completely , covered by a solid black coating.
A small portion of the black powder (about 40 mg) was taken and further pulverized to a fine powder. This small sample was submitted for XRD analysis to determine the phases present within this product. The instrument used for XRD analysis was a Scintag Xl powder diffractometer. This instrument utilized Cu Ku x-radiation at an average wavelength of 1.5418~.
The 26 scan ranged from 20°to750.
The resulting diffraction pattern shown in Figure 5 indicates that the corrosion product contained U02,, or possibly a mixture of both UOZ and UJOT. Since the diffraction lines are so . broad, it is difficult to determine whether this broadening was due to the presence of U02 alone.
However, the diffraction peaks are seen to be shifted to lower d spacings, i.e. greater 26, than stoichiometric UOZ, indicating an oxygen to metal ratio greater than 2.0. This shift can be seen Sample 3 Prior to the XRD analysis, all of the solid material was weighed after drying.
The final weight was 12.4 g (See Table 6 ). As indicated from the XRD pattern in Figure 5 , the corrosion product contained no hydride. Therefore, all of the uranium that had reacted should have converted to either U02 or a mixture of UOt and a higher oxide such as UJOT. However, since some of the original uranium metal was yet intact, it was difficult to determine through weight gain alone which and how much product had formed. To simpli& the mass balance issue, it was assumed that all of the uranium metal that had reacted was converted to U02 only. The following mass numbers were obtained from the uranium corrosion rate curve which was, in turn, derived from the raw data obtained from the hydrogen measurements. Hence, by day 81 (Table 5 ), 8.8g of the original 11.12 g of uranium metal was calculated as being oxidized.
Assuming the uranium metal reacted with water to form stoichiometric UOZ, the added oxygen would have been equal to 1.18 g, thus increasing the total mass of the sample to 12.30 g: The difference between the weighed value (12.4 g) and the value derived indirectly by the gas data (12.30g) is less than 1.3%. One reasonable explanation for the greater mass exhibited by the weighed value could be have been due to the presence of higher oxides i.e. U02 +~, etc. As shown below, Samples 1 and 2 provide more reliable weight gain data with which to ascertain the oxidation state.
Nmmles 1 and 2 Pressure measurements continued to be taken from vessels 1 and 2 until the hydrogen production rate slowed sufficiently to flatten out the curves as plotted in Figure 3 . The final gas samples were taken 119 days into the experiment. At this time, the two remaining vessels were uncapped and the pH of the SJ-13 water was measured. Table 3 shows that, as with Sample 3, after the initial increase, the pH remained fairly constant for the remaining two sample leachates.
The two samples were set aside in their vessels for another 52 days at ambient temperature and pressure. This would allow any remaining U metal to oxidize. The corroded material was filtered through a glass fiber filter and allowed to dry in open air for approximately 24 hours before weighing. By this time, no visible trace of metal could be found in either sample.
of this material was identical to that of Sample 3, a finely divided black powder.
The appearance XRD patterns were obtained for Samples 1 and 2 and compared to that of Sample 3. Figure 6 shows the diffraction patterns for the three sample products vertically offset for comparison purposes. They are essentially identical showing only the phases belonging to some form of uranium oxide i.e. U02.,. There are no UH~nor uranium metal phases present within any of the three patterns. Table 6 The XRD patterns of Sample 1 and 2 corrosion products have the same shift to higher 2(3 as seen in the diffraction pattern of Sample 3. This shift of phases supports the 'higher' oxide hypothesis. However, it is difficult to unequivocally determine which oxides are present and in what quantity due to the unresolvable nature of the broad Bragg lines in the diffraction patterns.
V. CONCLUSION
It has been shown that depleted, unirradiated uranium metal undergoes rapid oxidation in 90"C water. An average uranium corrosion rate of 1.42 mg/cm2/hr in anoxic water was measured in these experiments and is essentially identical to the best fit literature value of 1.4 mg/cm2/hr for anoxic uranium corrosion reported in reference 4. This reaction rate was derived from measurements of the hydrogen gas that had evolved, assuming no UH~was formed as a long-term intermediate product.
The uranium product was weighed to determine mass increase. This information, plus that gained from x-ray diffraction analysis of the corrosion product, was used to assist in the identification of the product itself. First, it was shown that no hydride was present. Second, even if no UOZ was present at the time the diffraction patterns were acquired, certainly, oxides of the UOZ+, type were present. Furthermore, the mass differential between the initial sample and the final product indicated that some form of U02,, or mixtures of this formula type were present in the corrosion product of all three samples.
